Background and Objective: Few prospective studies exist evaluating the safety and efficacy of the Pipeline Embolization Device (PED) in the treatment of intracranial aneurysms. The Aneurysm Study of Pipeline In an observational Registry (ASPIRe) study prospectively analyzed rates of complete aneurysm occlusion and neurologic adverse events following PED treatment of intracranial aneurysms. Materials and Methods: We performed a multicenter study prospectively evaluating patients with unruptured intracranial aneurysms treated with PED. Primary outcomes included (1) spontaneous rupture of the Pipeline-treated aneurysm; (2) spontaneous nonaneurysmal intracranial hemorrhage (ICH); (3) acute ischemic stroke; (4) parent artery stenosis, and (5) permanent cranial neuropathy. Secondary endpoints were (1) treatment success and (2) morbidity and mortality at the 6-month follow-up. Vascular imaging was evaluated at an independent core laboratory. Results: One hundred and ninety-one patients with 207 treated aneurysms were included in this registry. The mean aneurysm size was 14.5 ± 6.9 mm, and the median imaging follow-up was 7.8 months. Twenty-four aneurysms (11.6%) were small, 162 (78.3%) were large and 21 (10.1%) were giant. The median clinical follow-up time was 6.2 months. The neurological morbidity rate was 6.8% (13/191), and the neurological mortality rate was 1.6% (3/191). The combined neurological morbidity/mortality rate was 6.8% (13/191). The most common adverse events were ischemic stroke (4.7%, 9/191) and spontaneous ICH (3.7%, 7/191). The complete occlusion rate at the last follow-up was 74.8% (77/103). Conclusions: Our prospective postmarket study confirms that PED treatment of aneurysms in a heterogeneous patient population is safe with low rates of neurological morbidity and mortality. Patients with angiographic follow-up had complete occlusion rates of 75% at 8 months.
Introduction
Treatment of intracranial aneurysms with the Pipeline Embolization Device (PED) is widely accepted as an excellent option for the treatment of intracranial aneurysms [1] [2] [3] [4] . Flow diverter devices such as the PED were initially developed for the treatment of widenecked and large and giant aneurysms, aneurysms which are typically difficult to treat with endosaccular coiling. High rates of complete aneurysm occlusion have been reported in a number of studies, even in large and giant aneurysms [1] [2] [3] [4] [5] [6] [7] .
Important questions remain regarding the safety and efficacy of flow diverter therapy. Even though numerous previous studies have reported overall rates of adverse events similar to those of other endovascular procedures, several studies documenting severe and 'unexpected' adverse events such as spontaneous intraparenchymal hemorrhage, spontaneous aneurysm rupture and postoperative strokes have raised questions about the safety of these devices [1, 3, [8] [9] [10] [11] [12] [13] .
The majority of existing literature on flow diversion therapy is comprised of single-center retrospective or prospective case series. Such literature has substantial biases, including selection and publication biases, which may affect apparent rates of angiographic occlusion and severe, unexpected adverse events. These biases may be diminished through the development of a prospective clinical registry. The purpose of the Aneurysm Study of Pipeline In an observational Registry (ASPIRe) study was to prospectively determine the rates of complete aneurysm occlusion and neurologic adverse events following the treatment of intracranial aneurysms with PED and validate results from previous clinical trials.
Materials and Methods

Study Design and Participants
ASPIRe is a prospective, single-arm, multi-center postmarket registry of patients undergoing PED treatment of intracranial aneurysms. We prospectively evaluated all patients who were consented and treated with PED over a 3-year period in 28 centers in 7 countries experienced in PED use. Physicians who contributed data to this study were neurointerventionalists trained in endovascular techniques. As this was a multicenter registry, the following items varied across centers: selection of patients eligible for the treatment with the PED versus other treatment modalities, procedural details and periprocedural patient management. All centers used a common study protocol, which specified the data to be collected, study endpoints, events of interest and statistical analysis.
Patients were eligible for enrollment in the study if they: (1) consented to being included in the registry; (2) met the requirements for PED treatment per the instructions for use approved for the country in which they were treated, and (3) were willing and able to comply with follow-up visits. Patients were excluded if they (1) had an active bacterial infection; (2) had a contraindication to dual antiplatelet therapy or did not receive preoperative dual antiplatelet therapy; (3) had a preexisting stent in the parent artery at the target aneurysm location; (4) had a severe pre-or postaneurysmal narrowing, or (5) if the target aneurysm was acutely ruptured.
Data Collection and Outcomes
The baseline characteristics studied included medical history, demographic characteristics, presenting aneurysm location/size/type/rupture status, prior aneurysm treatment, concomitant medication use and presurgical imaging data. The operative characteristics studied included number and size of PEDs used, how PEDs were used (overlapping, multiple layers, etc.), side branch coverage, concomitant coiling, procedure duration and use of ancillary devices.
The primary study endpoint was comprised of the following: (1) spontaneous rupture of the Pipelinetreated aneurysm; (2) spontaneous nonaneurysmal intracranial hemorrhage (ICH) ipsilateral or contralateral to the treated aneurysm; (3) acute ischemic stroke; (4) symptomatic or asymptomatic parent artery stenosis, and (5) permanent cranial neuropathy. The secondary endpoints were (1) treatment success defined as complete occlusion of the Pipeline-treated aneurysm at the last follow-up and (2) morbidity and mortality at the 6-month follow-up. All vascular imaging was evaluated at an independent core laboratory for assessment of aneurysm occlusion and parent artery stenosis. Aneurysm occlusion was assessed using the scale of Roy and Raymond.
All adverse events were collected using a standard case report form. An adverse event was defined as any decline of the patient's baseline neurological status. Adverse events were defined as minor if the clinical sequelae of the complication resolved within 7 days and as major if the patient experienced a clinical deficit for >7 days. The relationship of the primary-endpoint adverse events and deaths to the procedure and device was established by an independent Clinical Events Committee.
Clinical and imaging follow-up time points were at the discretion of the operator. Clinical follow-up intervals were defined as follows: (1) baseline (before surgery); (2) surgery (at the time of surgery); (3) soon after surgery (up to 30 days after the procedure); (4) long after surgery (31-100 days after the procedure); (5) mid-term follow-up (101-250 days after the procedure), and (6) long-term follow-up (250 days or longer). Imaging follow-up intervals were defined as follows: 6 months (-20/+42 days after the procedure) and 1 year (±42 days after the procedure).
Loss to Follow-Up and Subject Withdrawal
Subjects were considered lost to follow-up if they could not be reached after 3 attempts to contact the subjects at least 1 week apart. The final documented attempt was to be made with a registered letter. All enrolled subjects had the right to withdraw their consent. All data up to the time of withdrawal could be used for analysis. Any patients with a protocol deviation in data reporting, inclusion/exclusion criteria and informed consent were to be excluded from the analysis. No patients were excluded from our study due to protocol deviations as there were no inclusion/exclusion criteria violations and all informed consent deviations were minor and administrative in nature.
Statistical Analysis
All statistical analyses were performed using Statistical Analysis System (SAS) for Windows (version 9.2; SAS Institute Inc. Cary, N.C., USA). In general, data for all study subjects combined are presented. Data analysis is based on the subject level, except for aneurysm characteristics, which were based on the number of aneurysms.
Descriptive statistics are used to present the data and to summarize the results. Discrete variables are presented using frequency distributions and cross tabulations. Continuous variables are summarized by presenting the number of observations, mean, standard deviation, median, minimum and maximum values.
Statement of Ethics
Local institutional review boards or ethics committees approved the study and the use of the patients' data. Written informed consent was obtained from all study participants using a form approved by the local institutional review board or ethics committee.
Results
Baseline Patient and Aneurysm Characteristics
A total of 191 patients with 207 treated aneurysms were included in this registry. No patients were lost to clinical follow-up. The mean patient age was 59.9 ± 12.5 years. 160 patients (83.8%) were female. Hypertension was present in 53.9% (103/191 patients), and 43.7% (80/183 patients) were current or previous smokers. The mean aneurysm size was 14.5 ± 6.9 mm (range 0.9-41.0). Twenty-four aneurysms (11.6%) were small, 162 (78.3%) were large and 21 (10.1%) were giant. The mean aneurysm neck size was 7.1 ± 4. 
Clinical and Imaging Outcomes
Major adverse events occurred in 6.8% of the patients (13/191) , and minor adverse events occurred in 4.7% of the patients (9/191). Thirteen patients with major adverse events suffered neurological morbidity, 3 of whom suffered neurological mortality. Thus, the 6-month major neurological morbidity rate was 6.8% (13/191) , the neurological mortality rate was 1.6% (3/191 ) and the combined neurological morbidity/mortality rate was 6.8% (13/191 ). There were no additional cases of neurological morbidity and mortality beyond 6 months. In patients with saccular aneurysms (excluding dissecting and fusiform aneurysms), the neurological morbidity and mortality rate was 5.8% (9/156), and in patients with dissecting or fusiform aneurysms, the neurological morbidity and mortality rate was 10.8% (4/37). The most common adverse event was ischemic stroke, which occurred in 4.7% of the patients (9/191) with stroke, resulting in major morbidity in only 1.6% of the patients (3/191). The timing of ischemic stroke was surgical/early postoperative in 7 patients, late postoperative in 2 patients, and during mid-term follow-up in 1 patient. The time range for acute ischemic stroke was 0-238 days after the procedure. One patient suffered two ischemic strokes. The acute ischemic stroke rate was 0% (0/10) in subjects with aneurysms in the posterior circulation and 1.7% (3/181) in subjects with aneurysms in the anterior circulation (p = 1.00).
Spontaneous ICH occurred in 3.7% of the patients (7/191). There were a total of nine ICHs in these 7 patients. ICH resulted in major morbidity in all 7 patients. The timing of ICH ranged from 0-103 days and was in the surgical/early postoperative period for 7 events in 6 patients, in the late postoperative period for 1 event in 1 patient and during mid-term follow- Values are expressed as percentages with numbers in parentheses, unless otherwise indicated. Table 3 . Procedure characteristics up for 1 event in the same patient. Among the 7 subjects with ICH, 6 had hemorrhage occurring ipsilateral to the PED, and 1 had a contralateral hemorrhage. Spontaneous rupture occurred in 1.6% of the patients (3/191), resulting in major morbidity in all cases. All cases of spontaneous rupture occurred within 4 days of the procedure. One of these patients was concomitantly coiled, and none were previously coiled.
There were 3 cases of minor asymptomatic parent artery stenosis (1.6%) and no cases of permanent cranial neuropathy (0.0%). Twenty-one of the 25 primary adverse events (84%) were determined to be device-or procedure-related by the Clinical Events Committee. These data are summarized in tables 4 and 5 .
There were no statistically significant differences in the rates of acute ischemic stroke, ICH or spontaneous aneurysm rupture between subjects who underwent different technical aspects of the procedure including: use of single or multiple PEDs, whether side branches were covered, whether the entire neck of the aneurysm was covered and whether the PED landed in the intended location. There were significant differences in the rates of acute ischemic stroke, spontaneous aneurysm rupture and neurological death based on aneurysm size. Subjects with giant aneurysms ( ≥ 25 mm) had significantly higher rates of acute ischemic Values are presented as percentages with numbers in parentheses. Percentages are reported on a per-patient basis. There were a total of 9 ICHs in 7 subjects: 1 subject experienced two major ICHs on different days; 1 subject had two ICHs, one was major and one could not be categorized as 'major' or 'minor'. stroke (p = 0.03), spontaneous aneurysm rupture (p = 0.03) and neurological death (p = 0.03) compared to subjects with small and large aneurysms. There was no significant difference in the rate of ICH between subjects with giant aneurysms and those with small and large aneurysms. Further, there was no significant difference in the rates of acute ischemic stroke, ICH, spontaneous aneurysm rupture or neurological death between subjects with small aneurysms and those with large aneurysms.
Imaging follow-up of at least 6 months was obtained in 103 subjects (54%). The complete occlusion rate at the last follow-up, which occurred at a median time of 7.8 months (mean 9.7 ± 4.2) after the procedure, was 74.8% (77/103). Among patients who had their last imaging follow-up at 6 months, the complete occlusion rate was 78.6% (33/42), and among patients who had their last imaging follow-up at 1 year, the complete occlusion rate was 79.0% (15/19) . Eleven (5.8%) patients required retreatment.
Discussion
Our study demonstrated that the treatment of unruptured intracranial aneurysms with the PED in a broad postmarket setting is safe. The complete occlusion rates were nearly 75% for patients with angiographic follow-up, with a median of 7.8 months of follow-up. Major adverse events occurred in <7% of the patients with ICH, and the stroke rates were <4 and 2%. Spontaneous rupture was rare, occurring in 1.6% of the patients. Approximately 80% of the major adverse events, particularly hemorrhages and spontaneous ruptures, occurred in the early postoperative period. These findings are important as they provide further data regarding the incidence of severe adverse events associated with flow diversion in a realworld setting with a broad range of aneurysm sizes and locations.
Our safety findings corroborate the findings of other large multicenter studies and metaanalyses including the International Retrospective Study of Pipeline Embolization Device registry (IntrePED) and the Pipeline for Uncoilable or Failed Aneurysms study (PUFS) [13, 14] . Long-term neurological morbidity and mortality rates were 8.4% in the IntrePED and 5.6% in the PUFS compared to 6.8% in our study. When patients with ruptured, dissecting or fusiform aneurysms were excluded in IntrePED, the overall neurological morbidity and mortality rate in IntrePED dropped down to 5.7%, similar to our study [13] . Two large metaanalyses of flow diverter treatment demonstrated morbidity rates of 5.0-7.3% and mortality rates of 2.8-4.0% [1, 3] .
The rate of spontaneous rupture was slightly higher in our study when compared to IntrePED (1.6 vs. 0.6%) but was substantially lower than the 3% rate reported in the metaanalysis performed by Brinjikji et al. [3] . Similar to our study, PUFS reported a spontaneous aneurysm rupture rate of 1.9% [14] . The rate of ICH in ASPIRe was slightly higher than the rate in IntrePED (3.7 vs. 2.5%) but lower than that reported in PUFS (4.7%). Similar to both PUFS and IntrePED, a majority of spontaneous ICHs occurred in the early postoperative period.
Nearly 75% of the aneurysms in our study were large aneurysms of the ICA. Prior studies have demonstrated high angiographic cure rates when treating large ICA aneurysms with flow diverters such as the PED. Complete occlusion rates in studies reporting 6-to-12-month follow-ups typically range from 70 to 93% [14] [15] [16] [17] [18] [19] . One large meta-analysis of nearly 1,500 patients with 1,700 aneurysms treated with flow diverters found complete occlusion rates of 76% at the last follow-up. One series of 38 aneurysms with medium-term follow-up reported complete occlusion of all 27 ICA aneurysms by 18 months with progressively increased occlusion between 3-18 months of follow-up [20] . In their study of 251 large and giant aneurysms undergoing PED treatment, Saatci et al. [21] reported a 91.2% complete occlusion rate at 6 months and a 94.6% complete occlusion rate at 1-2 years after the treatment.
Other endovascular treatments available for the treatment of wide-necked large and giant ICA aneurysms include stent-assisted endosaccular coiling as well as endovascular parent artery occlusion (PAO). In a series of 56 consecutive patients receiving PAO for the treatment of large/giant aneurysms of the carotid siphon, Labeyrie et al. [22] demonstrated an aneurysm retraction rate of 91% and a procedure-related permanent morbidity rate of 5%. Twenty-six percent of the patients in the Labeyrie series [22] suffered ischemic events, with symptoms resolving in most patients. Other series report ischemic stroke rates of 5-15% for PAO of ICA aneurysms with permanent occlusion rates of 90-100% [23] [24] [25] . While the rates of permanent aneurysm occlusion and procedure-related morbidity rates in the above series are similar to those of large and giant aneurysms in PUFS, it is important to emphasize that PAO techniques can only be used in patients who can tolerate occlusion of the carotid artery. By preserving parent artery flow, flow diverters such as the PED can be used in the treatment of patients in both the presence and absence of collateral flow [22] .
Like flow diverter treatment, endosaccular and stent-assisted coiling allow for preservation of the parent artery flow. However, one major disadvantage of endosaccular coiling is the high rates of recanalization, especially when stent assistance is not used. In our study, there was a low rate of retreatment. In a meta-analysis of treatment of cavernous carotid artery aneurysms with endosaccular coiling and PAO, Turfe et al. [26] found long-term aneurysm complete occlusion rates of just 45.0% with non-stent-assisted endosaccular coiling and retreatment rates of 20.0%. Stent-assisted coiling resulted in a 56.0% complete occlusion rate and a retreatment rate of 22% [26] . Procedure-related morbidity and mortality were <5% for patients undergoing coiling. A meta-analysis of patients undergoing stentassisted coiling versus coiling only found that stent-assisted coiling recurrence rates were 16.2% compared to 34.4% in non-stent-assisted coiling. Complication rates were not negligible with mortality rates ranging from 3-9% and permanent morbidity rates ranging from 4-6% [27] . In a series of over 150 large and giant ICA aneurysms treated with coil embolization, Chalouhi et al. [28] noted a 12% complication rate with recurrence and retreatment rates >30%. D'Urso et al. [29] demonstrated a complete occlusion rate of just 62% for ICA aneurysms treated with coil embolization and a 5% complication rate. When compared to the results of the PUFS trial, it is clear that despite their ability to preserve parent artery flow and low complication rates, coiling techniques with and without stent assistance have lower rates of angiographic occlusion and higher rates of recurrence and retreatment when compared to PED placement alone [14] .
Limitations
Our study has limitations. This study was a prospective multicenter registry in which sites followed their standard of practice for treating aneurysms with PED and there was a wide range of treatment regimens (i.e. platelet testing and antiplatelet therapy) between centers. However, all study adverse events collected were prespecified and evaluated by an independent Clinical Events Committee to maintain consistency. As study eligibility was limited to the approved indication in the country of treatment, this registry did not capture use of the PED in patients treated off-label. Another potential limitation of this study is the fact that the indications for treatment varied from country to country, which can result in a degree of selection bias. Although there was a core laboratory for standardization of image reads, there was no protocol regarding the minimum angiographic follow-up as this was left to the discretion of the operator. Thus, there is substantial heterogeneity in the timing of the last imaging follow-ups with just over 50% of the patients having angiographic imaging follow-up at 6 months or later, thus limiting our evaluation of occlusion outcomes. However, unlike many other previously published studies, all patients included in our study had clinical follow-up, and no patients were lost to follow-up.
